Abstract Lead poisoning remains a major problem in India due to the lack of awareness of its ill effects among the clinical community. Blood lead, d-aminolevulinic acid dehydratase (d-ALAD) and zinc protoporphyrin (ZPP) concentrations are widely used as biomarkers for lead toxicity The present study was designed to determine the impact of chronic lead exposure on selected biological markers. A total of 250 subjects, of both sexes, ranging in age from 20 to 70 years, were recruited. On the basis of BLLs, the subjects were categorized into four groups: Group A (BLL: 0-10 lg/dl), Group B (BLL: 10-20 lg/dl). Group C (BLL: 20-30 lg/dl) and Group D (BLL: 30-40 lg/dl) having BLLs of 3.60 ± 2.71 lg/dl, 15.21 ± 2.65 lg/dl, 26.82 ± 2.53 lg/dl and 36.38 ± 2.83 lg/dl, respectively. Significant changes in biological markers due to elevated BLLs were noted. The relation of BLL and biological markers to demographic characteristics such as sex, habits, diet and substances abuse (smoking effect) were also studied in the present investigation. Males, urban population, non-vegetarians, and smokers had higher blood lead levels. d-ALAD activity was found to be significantly lower with increased BLL (P \ 0.001), while the ZPP level was significantly higher with increased BLL (P \ 0.001). Further, BLL showed a negative correlation with d-ALAD (r = -0.425, P \ 0.001, N = 250) and a positive correlations with ZPP (r = 0.669, P \ 0.001, N = 250). Chronic lead exposure affects the prooxidantantioxidant equilibrium leading to cellular oxidative stress.
Introduction
Lead (Pb) is a normal constituent of the earth's crust, with trace amounts found naturally in soils, plants and water. If left undisturbed, lead (Pb) is practically immobile. However, once mined and transformed into man-made products, it is distributed throughout the environment, and becomes highly toxic. Solely as a result of man's action, lead (Pb) has become the most widely scattered toxic metal in the world. A growing body of evidence indicates that transition metals act as a catalyst in the oxidative deterioration of biological macromolecules. Therefore, the toxicities associated with these metals may lead to oxidative tissue damage. Several studies identified various biomarkers of lead (Pb) toxicity. Lead is a divalent cation. It has a strong binding capacity for sulfahydryl proteins and creates an interference with enzymes and structural proteins. Lead inhibits heme biosynthesis and causes anemia, basophilic stippling, a decrease in erythrocyte d-aminolevulinic acid dehydrogenase and increase in urinary in d-aminolevulinic acid, urinary coproporphyrin, erythrocyte zinc protoporphyrin (ZPP), and pyrimidine 5 0 -nucleotidase [1] . A marked increase in urinary excretion of aminolevulinic acid (ALA), the substrate that accumulates as a result of decreased ALAD, has been used in the past as a biomarker for lead (Pb) toxicity. This can be detected only when BLLs exceed 35 lg/dl in adults and 25-75 lg/dl in children [2] . The most wellknown distortions involved is the interference of lead with the heme synthetic pathway, specifically the enzyme d-aminolevulinic acid dehydratase. Interference with heme production and subsequent reduction of the heme body pool is one of the main causes of lead related pathology. When whole blood lead levels (BLLs) exceed 20 lg/dl, the activity of ALAD is inhibited by 50 percent [3] . ALAD can serve as a valuable biomarker of oxidative stress in the lead exposed hematological system. It is also a biochemical indicator of lead exposure [4] .
Thus the present study was undertaken to examine the blood lead levels and to assess the impact of chronic lead exposure on d-ALAD and ZPP in the blood of normal healthy subjects.
Materials and Methods

Selection of Subjects
The study sample consisted of 250 normal healthy subjects. These subjects belonged to the age group of 20-70 years and included both male and female individuals. They were randomly selected from the urban and rural populations of Jaipur.
A written consent was obtained from all 250 subjects. Questionnaires for the subjects were completed during face-to-face interviews. All subjects answered the same questions regarding demographic data, socioeconomic status, habits, perceived health, and health complaints. The subjects suffering from any major disease (malignancy, hypertension, diabetes mellitus, arthritis, tuberculosis, heart disease, endocrine disorders etc.) that affects oxidative stress were excluded from the study.
Collection of Blood Sample
Blood samples from each subject was collected from the antecubital vein using aseptic techniques at Central Laboratory, Department of Biochemistry, SMS, Medical College, Jaipur. Each sample consisted of 5 ml of blood which was collected in a dipotassium ethylenediaminetetraacetic acid (EDTA) vial and the following investigations were performed on this sample. The blood samples collected from the subjects were analyzed for lead (Pb) level by using Atomic absorption spectrophotometer (AAS). Sample pre-treatment consisted of a fivefold dilution with a dilute surfactant. The instrument was directly calibrated with lead standards prepared in dilute HNO 3 . To eliminate small, nonspecific absorption signals from the blood matrix, simultaneous background correction was used. The lead was accurately measured from as little as 20 ll of blood at wavelength of 283.3 nm [5] .
Delta-Amino Levulinic Acid Dehydratase (d-Alad) Delta-aminolevulinic acid (d-ALAD) was measured spectrophotometrically. The enzyme delta-amino levulinic acid dehydratase converts two molecules of ALA to porphobilinogen. The porphobilinogen formed was mixed with modified Ehrlich's reagent and the color development was measured at 555 nm [6] .
Zinc Protoporphyrin (Zpp) Zinc protoporphyrine (ZPP) was detected by a hematofluorometer. A small (unmeasured) drop of blood was obtained from a finger puncture. This was then placed on a disposable cover slip and inserted into the sample holder of the instrument. The zinc protoporphyrin concentration was automatically and instantaneously computed and the value was displayed on a digital readout as micrograms of zinc protoporphyrin per liter of blood at 424 nm [7] .
Statistical Analysis
An appropriate statistical analysis was done using statistical software SPSS 10. Tukey's test was used for one way analysis of variance (ANOVA) in the current investigation to establish the significance in various groups. F-test was done to establish that the differences in the results of the present study were significant. Correlation was done by Pearson's correlation.
Results
All the 250 subjects selected in the present study were further divided into four groups that is group-A, group-B, group-C and group-D depending upon the blood lead (Pb) concentration. The subjects belonging to group-A (N = 103, 41.00%) had BLLs between 0 and 10 lg/dl and this group was considered to be the safest as per CDC and WHO guidelines [8, 9] . In group-B (N = 67, 27.00%), the lead level was 10-20 lg/dl. In group-C (N = 53, 21.00%), the lead level was 20-30 lg/dl and in group-D (N = 27, 11.00%), the lead level was 30-40 lg/dl (Table 1 ; Fig. 1 ). The BLLs of group-B, C and D were compared to the BLL of group-A. Table 2 shows the alterations in BLLs and biological markers in chronic lead exposure with reference to demographic characteristics such as sex, habitat, diet and substance abuse (smoking) of selected subjects. A significantly lower BLL and a significantly higher d-ALAD and ZPP were observed in females as compared to males. In urban and non-vegetarian subjects, the BLL and ZPP were found to be significantly increased and the d-ALAD was found to be significantly decreased as compared to rural and vegetarian subjects. A significantly lower BLL and ZPP and significantly higher d-ALAD were found in non-smokers as compared to smokers. Table 3 shows the alteration in d-ALAD and ZPP levels in subjects of various BLL groups. The decrease in d-ALAD level was statistically significant in group-C and D but not significant in group-B as compared to the safest group-A. However, the increase in levels of ZPP is statistically significant in group-B, C and D when compared to the safest group-A. Table 4 shows the correlation between blood lead levels and the levels of the biomarkers of lead toxicity using Pearson's correlation. A significant negative correlation of blood lead level was observed with the d-ALAD (r = -0.425, Fig. 2 ) and a positive correlation of blood lead levels was found with ZPP (r = 0.669, Fig. 3 ).
Discussion
Lead as such is a metal which has no known function in body and any amount of it may be associated with adverse effects. More recently WHO has reduced the cut off of BLLs and said that the level should be less than 10 lg/dl because any amount of lead in blood causes adverse effects at the cellular level. There are certain studies which have related blood lead concentration above 10 lg/dl in children and adolescent with various neurological dysfunctions [10] . In the present study out of 250 participants, only 40% subjects had blood lead level below 10 lg/dl. The remaining 60% subjects had blood lead concentration of more than 10 lg/dl of these 11% had BLL above 30 lg/dl (Table 1 ; Fig. 1 ). BLL has been considered as one of the most reliable markers for lead toxicity [4] .
Out of 250 participants, 217 subjects were males and 33 were females and 141 were from rural background and 109 were from urban background. 153 were vegetarians while 97 were non-vegetarians and 139 subjects were smokers and 111 were non-smokers.
The BLLs were found to be significantly higher in males as compared to females (P \ 0.05). This can be attributed to the fact that males are relatively more exposed to pollution in a variety of occupations as compared to females [11] . When d-ALAD value in both the genders were examined the level was lower in males as compared to females and the difference was significant (P \ 0.05). Variability of ZPP value in male and female subjects was found to be significantly (P \ 0.05) higher in males as compared to female subjects. This has been supported by several other researchers [12, 13] .
In urban subjects the BLL was found to be significantly higher as compared to subjects from the rural background. The value being between 23.23 ± 9.80 and 8.93 ± 7.18 ( Table 2) . Elevated lead (Pb) concentration in blood in urban population can be ascribed to increased exposure to various sources of lead (Pb) which includes pollution through paints [14] , lead recycling, presence of lead in cosmetics [15, 16] and in drinking public water supply in lead pipes [17, 18] . The mean d-ALAD value was found to be 40.53 ± 15.10 and 34.47 ± 17.28 U/l in rural and urban subjects, respectively. There was a significant decrease in the concentration of d-ALAD in urban population as compared to rural population (P \ 0.05). In urban subjects the ZPP level was relatively higher as compared to rural subjects (P \ 0.05). The BLL was found to be significantly increased in nonvegetarians as compared to vegetarians. This may due to the fact that the non-vegetarians are mostly found to be in the urban setup and to have a greater chance to get exposed to lead pollution as compared to vegetarians. Current investigations reveal significant modulations in the level of d-ALAD in vegetarian and non-vegetarian subjects (P \ 0.05). The mean d-ALAD value was found to be 39.28 ± 15.99 and 35.70 ± 16.7 U/l in vegetarian and nonvegetarian, respectively. Non-vegetarian and urban populations are associated with increased BLL. The decrease in d-ALAD activity may be due to the binding of lead (Pb) with -SH groups of ALAD leading to its depressed activity as observed by various workers [4, 19, 20] . The level of ZPP in non-vegetarian subjects was also recorded to be higher as compared to the levels of this enzyme in vegetarian.
The BLL of smokers were significantly higher than lead levels in non-smokers (P \ 0.05). This may be attributed to the fact that smokers are relatively more exposed to pollution in a variety of occupations as compared to nonsmokers. When d-ALAD value in both the smokers-non smokers were examined the level was lower in smokers as compared to non smokers and the difference was significant (P \ 0.05). Variability of ZPP value in smokers-non smokers subjects were found to be significantly (P \ 0.05) higher in smokers as compared to non-smokers subjects [21] . Table 3 shows the alterations in d-ALAD and ZPP in subjects of various BLL groups. Reduced d-ALAD concentration was found with elevation in BLLs in subjects which is evident from the coefficient of correlation value of r = -0.425 (Table 4 ; Fig. 2 ). The obtained results showed a significant difference in d-ALAD of different groups (P \ 0.001). Other studies have also shown similar results [4, 19, 20, 22] . Lead binds to the enzymes that have functional sulfhydryl groups, rendering them nonfunctional and further contributing to the impairment of oxidative 
Values represent mean ± standard deviation and 95% CI for mean Mean values with '*' are significantly different from safest group-A, whereas value with 'NS' are not significant according to Tukey's test Statistical analysis was done using ANOVA single factor Table 4 Correlation between BLL and selected biological markers (N = 250)
Lead (lg/dl) r = -0.425, P \ 0.001 r = 0.669, P \ 0.001
balance. Levels of two specific sulfhydryl containing enzymes that are inhibited by lead d-ALAD and glutathione reductase (GR) have been demonstrated to be depressed in both animal and human lead exposure studies [4, [23] [24] [25] . Delta-ALAD is one of the enzymes of heme biosynthesis which converts ALA to porphobilinogen, the first precursor of pyrrole. Inhibition of d-ALAD prevents ALA from being converted to porphobilinogen, inhibiting incorporation of iron into the protoporphyrin ring, resulted in impaired heme synthesis for hemoglobin. Decreased activity of d-ALAD results in impaired heme biosynthesis [23] . It has also been reported that blood lead (Pb) concentration above 20 lg/dl inhibit activity of d-ALAD by 50% which could lead to lead (Pb) associated metabolic abnormalities. Subjects with lead levels above the safe limit were found to have reduced d-ALAD activity. The correlation between blood lead concentration and d-ALAD was found to be negative with the correlation coefficient (r) = -0.425 but this is not linear (Fig. 2) . Though the d-ALAD indicates lead (Pb) toxicity but it cannot be taken as a biomarker for lead toxicity. Similar observations have been put forward by Phillip and Gerson [3] . Austrin et al. observed a 50% inhibition of d-ALAD activity at BLL of 15 lg/dl [26] . Sakai and Morita reported that the threshold of extremely low blood lead for d-ALAD inhibition was approximately 5 lg/dl [27] . ALAD is a crucial enzyme in lead toxicity. The inhibition of ALAD lowers heme production and increases the levels of the substrate delta-aminolevulinic acid (ALA). Elevated levels of ALA, found both in the blood and urine of subjects with lead exposure, are known to stimulate ROS production [28] . However, the heme precursors accumulate in erythroblasts and inhibit the ALAD [29] . ALAD was suggested to be too sensitive to lead (Pb) inhibition which makes it ineffective as an index of lead exposure [30] . The literature indicates that blood ALAD levels correlates very closely with blood lead levels, and serve as an early biochemical index of exposure which can also detect the lower levels of exposure [31] .
Studies of lead workers have shown that d-ALAD activity, correlates inversely with BLL [4] . General population studies indicate that the activity of ALAD is inhibited at very low BLLs, with no threshold yet apparent. Studies of children from India and China have reported the significant decreases in ALAD activity are associated with BLLs C10 lg/dl. Further the inverse correlations between BLL and ALAD activity were found in mothers (at delivery) and their newborns (cord blood) [32] .
Blood lead levels and ZPP activity are used as clinical indices of lead toxicity [4] . In the present study the ZPP level was found to be significantly higher in subjects with elevated BLL and has been found to have a positive association (Table 3 ; Fig. 3 , P \ 0.001). There was a positive correlation between ZPP and BLLs which is evident from the coefficient of correlation value of r = 0.669 (Table 4 ; Fig. 3 ), which points to the inhibition of heme synthesis by ZPP. An increase in ZPP activity is because lead is known to inhibit the activity of ferrochetalase which catalyses the last step of the heme synthesis. Here lead is incorporated into protoporphyrin instead of iron, resulting in the production and accumulation of zinc protoporphyrin [33] . Similar findings were reported in other studies [4, 14, 22] . However, in the abundance of haemoglobin, increased ZPP is relatively harmless [34] . Elevated ZPP is more pronounced with blood Lead concentration above 30 lg/dl. This is because the threshold for ZPP in adult is 30 and 15 lg/dl in children. The findings of the present study also confirm the above phenomenon. Ferrochelatase enzyme that catalyzes the insertion of iron into protoporphyrin IX is also impaired by lead. Interruption of this enzyme results in an increase of the substrate erythrocyte protoporphyrin (EP), when bound to iron, zinc and zinc protoporphyrin (ZPP). These elevations do not appear in the blood until lead levels reach 35 lg/dl [35] . However, most protoporphyrin in erythrocytes (about 90%) exists as ZPP. Elevated erythrocyte protoporphyrin can reflect iron deficiency, sickle cell anemia and jaundice [35] . Other diseases such as porphyria, liver cirrhosis, iron deficiency, age and alcoholism may also produce similar effects on heme synthesis [2] .
Conclusions
Lead poisoning is an old but persistent public health problem throughout world. Although guidelines for the management of lead poisoning were released by Centers for Disease Control and World Health Organization, no suitable approach for the treatment of low level lead poisoning appears to exist. Lead is an important environmental toxicant in developed and developing nations. It may cause serious health problems. When the antioxidant free radical scavenging systems are overwhelmed, pathological condition may occur. The results of the present study will help to establish the relationship between blood lead levels and the biological markers at the cellular level. BLL determinations remain the most suitable method for monitoring recent lead toxicity, whereas increased ZPP concentrations, even with concurrent nontoxic BLL, have a predictive value for detecting incipient lead toxicity. However, ALAD was found to be unsuitable as an index of lead exposure.
